Nonhemolytic Escherichia coli were outnumbered by hemolytic E. coli within 24 h after being inoculated in a mixed culture at an initial ratio of 200 nonhemolytic to 1 hemolytic organism. The hemolytic strain was found to produce a cell-free, filterable substance which causes lysis of nonhemolytic E. coli B when grown in liquid cultures but not when grown on agar plates. The bacteriolysin is inactivated by boiling, by freezing and thawing, and by incubation with trypsin. The inability to inhibit growth on an agar plate, dependence on cell concentration for its effect, lysis of the sensitive cells, and appearance of phage particles in the cell lysates suggest that this substance is not like colicins or microcins previously described. After lysis of E. coli B, bacteriophage particles were visible in transmission electron micrographs of material pelleted by ultracentrifugation. However, no bacteriophage were observed in pellets from the bacteriolysin-containing supernatants before lysis of E. coli B. Failure to find bacteriophage in these preparations, and the fact that some bacteriolysin activity remains in the supernatant solution after centrifugation at 150,000 x g for 6.5 h, indicate that the bacteriolysin is not itself a bacteriophage. Exposure of E. coli B to UV light and mitomycin C did not induce production of a temperate phage. The properties of this system, in which a cell-free substance produced by one strain of bacteria causes lysis of another strain, appear to differ from those of the various types of bacteriocins and bacteriophages described to date.
In the development of enteric diseases caused by bacteria, the disease-producing organism grows from very low to high populations and often becomes the dominant organism in some part of the gastrointestinal tract. The mechanisms by which pathogenic strains of Escherichia coli achieve dominance are not understood, although several factors have been implicated, including surface-associated adhesions (13, 24, 25) , colicins (30, 34) , microcins (3, 4) , differential growth rates (10) , levels and frequency of feed intake (2, 30) , dietary components (5), gastric pH (33) , and stress (2, 32) . The predominance of hemolytic strains of E. coli associated with both enteric (23, 31) and extraintestinal (14, 22) infections prompted us to determine whether production of hemolysin might also have a role in permitting E. coli to proliferate at the expense of other microbes. For these studies we used a hemolytic strain of E. coli which we have termed E. coli 4331. This strain produces hemolysin only when the cells are grown on meat broth medium (17) . Our initial objective was to see whether hemolysin production offered any advantage to the hemolytic E. coli when grown in the presence of nonhemolytic E. coli, in this case a common laboratory strain of E. coli B. The predominance of hemolytic E. coli in the mixed cultures grown on meat broth coupled with their failure to achieve dominance when grown on defined media supported the idea that hemolysin production is an important factor in enabling the hemolytic strain to outgrow the nonhemolytic E. coli B.
As our work continued, studies of the cell-free filtrate from meat Preparation of samples for electron microscopy. Washed pellets from high-and low-speed centrifugations were suspended in water and fixed with 0.1 volume of 2% phosphotungstic acid. The mixture was sprayed over carbon-coated grids, and the grids were viewed in a Zeiss 10 electron microscope with an accelerating voltage of 80 kV.
RESULTS
Growth in mixed cultures. The ratios of hemolytic bacteria (E. coli 4331) to nonhemolytic bacteria (E. coli B) were monitored over a 24-h period in a series of paired flasks containing both organisms. When the two strains were grown in defined media, the ratio of hemolytic to nonhemolytic colonies remained about the same after 24 h as it was in the initial culture ( In similar experiments, cell-free extract from E. coli 4331 culture had no effect on four additional nonhemolytic porcine strains from our laboratory stock.
Effects of cell concentration and exposure time. The 3-to 4-h lag time before the onset of lysis (shown in Fig. 1 ) suggests that the conditions under which the lytic effect occurs are very specific. When initial cell concentrations were varied so that the inoculum was 106, 104, or 102 cells per ml, the onset of the lysis occurred at 4, 5, and 8 h after inoculation, respectively. In all three flasks, lysis occurred when the cell concentration was between 107 and 108 cells per ml. Figure 2 shows that when filtrate was added at 0, 2, and 4 h, lysis occurred 5, 4.5, and 2.5 h later in flasks I, II, and III, respectively.
Colicin Fig. 3A and B) . Shortly thereafter, spherical bulges appeared at the ends of the rods, giving rise to lollipopshaped cells (Fig. 3C) . Occasionally, cells had spheres in the middle (Fig. 3D) or at both ends, giving rise to a dumbell shape (not shown). These changes were followed by lysis of the cells, leaving a field of spherical vacuoles and cell debris (Fig. 3E) .
Ultracentrifugation and transmission electron microscopy. Bacterial debris was removed from lysed cultures of E. coli B by centrifugation at 10,000 x g for 15 naked eye, were washed with water and centrifuged again at 150,000 x g for 6.5 h. Transmission electron microscopy (TEM) of the washed pellets showed that bacteriophage particles were present (Fig. 4) . No phage particles were found in the control cultures of E. coli B which had been treated with heat-inactivated bacteriolysin.
These findings prompted a similar analysis of the original E. coli 4331 cells and the cell-free bacteriolysin preparation. E. coli 4331 cells (sonicated before centrifugation) and four different supernatant preparations containing active bacteriolysin (concentrated fivefold) were centrifuged at 150,000 x g for 6.5 h. Subsequent examination by TEM of the material pelleted by this procedure revealed no trace of bacteriophage particles or parts thereof. The supernatant solutions or suspensions of the pelleted material from the ultracentrifugation of the E. coli 4331 cell-free filtrate were added to separate cultures of E. coli B to determine whether the bacteriolysin activity was in the pellet or the supernatant fraction. Both the resuspended pellets and the 150,000 x g supernatant fractions caused lysis of E. coli B in a pattern similar to that shown by the open circles in Fig. 1 . Bacteriophage particles like those shown in Fig. 4 were present in the E. coli B lysates induced by both the pellet and the supernatant fractions of the E. coli 4331 bacteriolysin.
Assays for bacteriophage. Washed pellets from both the low-and high-speed centrifugations of the E. coli B lysates were added to new cultures of E. coli B to see whether the bacteriophage observed by TEM could induce another round of lysis in E. coli B cells. In addition, portions of the same pellets were also mixed with E. coli B cells and poured on an agar plate in a thin agar overlay to see whether the phage could form plaques. All pellet preparations in which phage had been observed by TEM were able to induce lysis of the E. coli B cultures within 1 to 2 h and were also able to form clear plaques on a lawn of E. coli B.
The appearance of phage particles in the lysing cultures of E. coli B suggested that this strain harbors a temperate phage that might also be induced by treatment with UV light or mitomycin C. Logarithmically growing cultures of E. coli B were treated with mitomycin C (1 ,ug/ml) or irradiated for up to 2 min at a distance of 30 cm from a UV light (15-W germicidal lamp) (6, 21) . Neither of these treatments produced any decrease in growth (measured by turbidity at 600 nm) during the next 7 h. When drops of these cultures were spotted on a lawn of E. coli B, there was no evidence of plaque formation or inhibition of growth. Similar treatments with mitomycin C and UV irradiation produced a marked decrease in the growth of E. coli 10798, a strain known to harbor phage X. Clear plaques were formed when dilutions of these treated E. coli 10798 cultures were spotted on a lawn of the indicator strain, E. coli 12435.
Separation of bacteriolysin from hemolysin. Supernatant solutions and pellets from the 150,000 x g centrifugation of the cell-free supernatant from E. coli 4331 were assayed for hemolysin activity. Unlike bacteriolysin, which is present in both fractions and is more active in the pellet, 96% of the hemolysin activity remained in the supernatant fraction.
Characterization of bacteriolysin. The bacteriolytic substance produced by E. coli 4331 was inactivated by boiling for 5 min. The lytic activity was markedly reduced by freezing and thawing. Most, but not all, of the bacteriolytic effect of the E. coli 4331 filtrate was destroyed by incubation with 0.1% trypsin for 1 h at 37°C.
Ten ml of cell-free filtrates from cultures of E. coli 4331 grown on meat broth were chromatographed on columns (1.8 cm2 by 90 cm) of Sephadex G-100. Proteins were eluted with 0.01 M Tris-chloride buffer, pH 7.5, containing 0.5% NaCl. A total of seven fractions of 45 ml each were collected and concentrated 10-fold by dialysis against polyethylene glycol. One ml of each of the seven concentrated fractions was added toDISCUSSION Our results show that E. coli 4331 produces a colicin-like substance which causes lysis of E. coli B under specific growth conditions in liquid medium (Fig. 1) . The appearance of bacteriophage particles in the E. coli B lysates (Fig. 4) suggests that the bacteriolysin may be a defective phage or that lysis may be due to induction of a lysogenic phage. The substance produced by E. coli 4331 is similar to both colicins and defective bacteriophages in that it contains protein and inhibits the growth of a narrow range of related bacteria but is not active against the producing strain (6, 8, 18) . However, it is unlike colicins and most bacteriocins in at least three respects. First of all, it does not show any inhibition of E. coli B when tested either by simultaneous streaking of the test and sensitive strains on solid media or by the chloroformed agar method commonly used to detect colicin production (9, 12, 16) . Second, this bacteriolysin is dependent on cell concentration for its effect in liquid cultures (Fig. 2) . Although production of several other bacteriocins has been shown to vary at different phases of the growth cycle (11, 27), we were not able to find reports of other instances in which there is a requirement for a particular cell concentration to allow action of the bacteriocin on the sensitive strain. Third, the substance produced by E. coli 4331 is distinguished from most other colicins by the fact that the sensitive cells are lysed (8, 26) . Although colicin M also causes lysis of the sensitive strain (7), lysis by colicin M is not dependent on cell concentration and occurs within 15 min after its addition to the culture. The substance produced by E. coli 4331 has a lag time of at least 2 h (Fig.   2) .
The high molecular weight, determined by elution from Sephadex G-100, and the sensitivity to trypsin, to boiling, and to freezing and thawing also distinguish this bacteriolysin from the microcins, a new class of low-molecular-weight antibiotics recently discovered in the Enterobacteriaceae (4).
The absence of plaques and failure to inhibit growth when E. coli 4331 cells or culture filtrates were plated with E. coli B on agar plates is in keeping with the hypotheses involving a defective or temperate phage. The necessity of phage production before lysis would also explain at least part of the 2-h minimum lag time required for lysis of E. coli B by the E. coli 4331 filtrates ( Fig. 1 and 2) . The major problems with the proposal that E. coli 4331 produces a defective bacteriophage are the absence of any morphological evidence of phage heads or tails in the TEM studies of E. coli 4331 filtrates and the fact that a considerable amount of bacteriolysin activity remains in the supernatant solution after centrifugation at 150,000 x g for 6.5 h (6) . Differences between the system described here and the lysogenic bacteria which harbor a temperate phage as described by others (1, 20) are, first, that we were not able to induce similar phage production by treatment of E. coli B with UV light or mitomycin C, and second, that in our system, E. coli B, which would be analagous to the producing strain was itself sensitive to the phage which were produced.
The appearance of bacteriolysin activity in both the pellet and the supernatant solutions after ultracentrifugation and in five of the seven fractions eluted from a column of Sephadex G-100 suggests that the bacteriolytic substance produced by E. coli 4331 is heterogeneous in size. Thus, it does not fit into either the high-or low-molecular-weight category in the bacteriolysin classification scheme proposed by Bradley (6) . Possible explanations for the heterogeneity include: (i) the bacteriolysin molecule may exist in monomeric and polymeric forms; (ii) it may be a small soluble compound which can bind to higher-molecular-weight particles and still retain its activity; or (iii) the bacteriolysin activity may be due to two or more different agents with similar effects.
Our data suggest that hemolysin and bacteriolysin may be two different molecules. First, all of the hemolysin activity remained in the supernatant after ultracentrifugation, but bacteriolysin activity was present in both the supernatant and the pellet fractions. Second, hemolysin is very unstable, and its ability to lyse erythrocytes is completely destroyed during the 3 to 4 h of shaking at 37°C which occurs before lysis of E. coli B. Thus, if the two lytic activities are due to the same substance, lysis of the bacteria would have to be caused by some more stable part of the molecule
The initial impetus for the work described in this report was an effort to identify some of the factors that allow hemolytic E. coli to achieve dominance in the gastrointestinal tract of postweaning pigs (21) . The rapidity with which the E. coli 4331 strain is able to catch up and take over when grown in mixed cultures with E. coli B suggests that bacteriolysin production may provide a mechanism whereby E. coli 4331 can achieve dominance in vitro. However, the significance of this particular bacteriolysin in vivo is questionable since it only acts on E. coli B and was not effective against other strains of nonhemolytic E. coli which were isolated from the normal flora of porcine intestinal tracts.
In considering the potential significance of the bacteriolysin reported here, it is important to note that most of the previous analyses for colicin production, which have been done on VOL. 41, 1983 on January 18, 2018 by guest http://iai.asm.org/ agar plates, would not have detected bacteriolysins of the type described in this study (9, 12, 18) .
